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ABSTRACT: Alkylperoxyl and alkoxyl radicals absorb only in the UV region, whereas vinylperoxyl, phenylperoxyl,
alkylthiylperoxyl and benzyloxyl radicals have strong absorptions in the visible region. Using the UTD/B3LYP/6—
31G+(d,p) method, we calculated the long-wavelength absorption maxima of these and related radicals in vacuo and
in aqueous solution. The latter were accounted for with a continuum model (SCRF =PCM). The vinylperoxyl radical
long-wavelength absorption band is due to a —25[7] — 08[n(O).] transition. The n(O), orbital lies above the  orbital,
but since it is orthogonal to the n(O), orbital, the oscillator strength of the —13[n(O),] — 08[n(O),] transition is close
to zero. Upon chlorine substitution, the first absorption band is red shifted. The 7 orbital is now raised above the n(O),
orbital, and the transition is denoted —18[7] — 05[n(O),]. The absorption of the phenylperoxyl radical in the visible
region is accounted for by two nearby transitions of the same type, i.e. —23[7] — 05[n(0).] and —1[7] — 05[n(0).].
Owing to the charge-transfer character of these transitions, there is a marked red shift on going from the gas phase to
aqueous solutions. The benzyloxyl and phenoxylmethyl radicals are related to the phenylperoxyl radicals in so far as
one of the peroxyl oxygens is replaced by a methylene group. The benzyloxyl radical also absorbs in the visible region
and the transition is of the —23[7] — 05[n(0),] plus —18[7] — 05[n(0),] type, i.e. it is closely related to that of the
phenylperoxyl radical. The phenoxymethyl radical only absorbs in the UV region (A, = 320 nm; spectrum obtained
by pulse radiolysis) and this absorption band is due to Oa[n] — +2a[7*] plus —15[n] — 0F[x] transitions. The
absorption in the visible region of the alkylthiylperoxyl radical is a —13[n(S).] — 08[n(O),] transition. Alkylthiyl and
some other sulfur- and carbon-centered radicals react reversibly with O,. The energetics of these reactions were
addressed by DFT quantum-chemical calculations. Copyright © 2005 John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.

wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Many free radicals have strong absorptions in the UV—
visible (Vis) region. Often, their absorption maxima are
red shifted with respect to the compounds from which the
radicals are generated, and in flash photolysis and pulse
radiolysis one commonly makes use of this to character-
ize an intermediate and to follow its reactions.

Peroxyl radicals, ROO’, have usually only uncharacter-
istic and weak absorptions in the UV region. Although
this property can be used, and has been used, with
advantage to measure the rate of reaction of O, with a
given radical, the subsequent reactions of the peroxyl
radicals are often difficult to follow, and one may have to
use other detection techniques, e.g. conductometry, to
monitor their unimolecular decay by HO, (H" +05")
release.'

*Correspondence to: S. Naumov, Leibniz Institut fiir Oberflichenmo-
difizierung (IOM), Permoserstrasse 15, D-04303 Leipzig, Germany.
E-mail: sergej.naumov @iom-leipzig.de
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It was very surprising when for some peroxyl radicals
strong absorptions in the visible range were observed.
The exception from the rule (only weak absorptions in the
UV region) are the vinyl-,> aryl-*® and thiylperoxyl
radicals,g’11 but also for the benzyloxyl radical,lz’13
another oxygen-centered non-conjugated radical, a
long-wavelength absorption has been reported. Strong
mesomerism is usually quoted as a explanation for strong
red shifts, but this classical approach must fail here.

About 10 years ago, we attempted to calculate with
quantum-chemical methods the absorption spectra of
such and related radicals. For most of them, agreement
between experiment and theory was not fully satisfactory
(see also Refs. 14 and 15). This showed that the level of
theory available at the time was insufficient, especially
for the prediction of the position of the absorption
maximum of an as yet not well-characterized free-radical
intermediate. In the meantime, the quantum-chemical
tools have improved considerably, and we decided to
resume the project.
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In this work, quantum-chemical calculations of the
UV-Vis absorption spectra and oscillator strengths of
various kinds of peroxyl radicals and structurally related
radicals were calculated in vacuo and in aqueous solution
(to match the experimental conditions) at the UTD/
B3LYP/6-31G+(d,p) level of theory. In general, there
is now fairly good agreement between theory and experi-
ment, but some deviations still persist. The large number
of radicals that are reported here illustrates very clearly to
what extent experiment and theory may match. This is of
importance in cases where quantum-chemical calcula-
tions are used to distinguish between various conceivable
intermediates that could be formed in a free-radical
reaction.

EXPERIMENTAL
Quantum chemical calculations

The calculations were carried out using the Gaussian
03 package.16 For the systems under study, geometries
were optimized applying the density functional theory
(DFT) approach with B3LYP hybrid functionals.'’"
Stationary points were characterized by frequency calcu-
lations. Molecular orbitals (MOs) were visualized in
graphical form with the help of the GaussView 2.1
program.”® For geometry optimisations, the standard
6-31+G(d,p) basis sets was used. To investigate the
influence of a solvent on the molecular structure of the
peroxyl radicals, geometry optimizations were carried
out using two self-consistent reaction field (SCRF)
models: the polarized continuum CPCM?'** and the
PCM**?* models.

The UV-Vis absorption spectra were calculated for the
gas phase and in an aqueous environment with the Unres-
tricted Time Dependent (UTD DFT)?® B3LYP method.
To explore the most reliable method for the calculation of
electronic transitions, a large variety of different basis
sets, namely 6-31G(d), 6-31G(d,p), 6-311G(d,p), 6—
31+G(d,p), 6-31++G(d,p), 6-311+G(d,p) and the
highly extended 6-311+4++G(3df,2p) basis sets, were
compared at a molecular geometry optimized in water
with the 6-31+G(d,p) basis set. The dependence of the
calculated excitation energies on the basis set used and
the experimental values are presented for two peroxyl
radicals, CH,=—=CHOO'" (SCRF =PCM) and CH;SOO’
(SCRF =CPCM), in Fig. 1(a).

The comparison shows a considerable improvement
in the agreement with the experiment, when diffuse
functions on heavy atoms are included, but basis sets
larger than 6-314-G(d,p) lead to only minor improve-
ments. Therefore, the 6-31+G(d,p) basis set was used for
both geometry optimizations and calculations of electro-
nic transitions. The numbering of the MOs that are
responsible for the long-wavelength transition are shown
schematically in Fig. 1(b).

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 1. (a) Basis set dependence of calculated excitation
energies in water of CH,=CHOO" (B3LYP//SCRF=PCM)
and CH3SOO" (B3LYP//SCRF=CPCM) at a geometry opti-
mized in water with B3LYP/6-314-G(d,p); experimental va-
lues are given for comparison. (b) Definition of the MOs that
are relevant for the long-wavelength transitions of these
radicals

To test polarity effects of solvents on the geometric
parameters and electronic transition spectra of the per-
oxyl radicals, calculations were made [UTD/B3LYP/6—
31G+(d,p)/SCRF = PCM] for the most stable conformer
of CHCI=CHOO' (3E, see Table 2) at an optimized
molecular structure in the given solvent and for the
phenylperoxyl radical [UTD/B3LYP/6-31G+(d,p)/
SCRF=CPCM] at a fixed gas-phase molecular geome-
try. Whereas solvents influence the molecular structure
only marginally (<0.0002nm for bond lengths in the
case of CHCI=CHOQO)), they affect considerably the
energy of the electronic transitions, and taking their
dielectric continuum into account is essential for improv-
ing the calculated values with respect to the experimental
ones (Table 1).

Pulse radiolysis studies

The UV spectrum of the phenoxymethyl radical, which
was included in our calculations for comparison with the
oxygen-centered radicals that we are mainly concerned
with here, was not available in the literature. We therefore
produced this radical in aqueous solution with the help of
the pulse radiolysis technique. For the experiment shown
below, we used the electron accelerator (Elektronika,
Thorium, Moscow) at the IOM. It delivers 10 MeV
electron pulses of 7ns duration. The dose, 46 Gy per
pulse, was determined with the help of the thiocyanate
dosimeter taking G x e=5.2x 10" *m*J~" for the for-
mation of (SCN)," in N,O-saturated solution.”®

In the radiolysis of water, ‘OH, hydrated electrons
(e,,) and H' are generated [reaction (1)]. The radiation-
chemical yields (G values) of the primary radicals
are G(OH)G(e,,)~2.9% 10" "molJ~" and G(H)=0.6 x
10" mol I,

J. Phys. Org. Chem. 2005; 18: 586-594
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Table 1. Calculated absorption maxima (nm) of the long-wavelength transitions of CHCI=CHOO" [UTD/B3LYP/6-31+G(d,p)/
SCRF=PCM at a molecular structure optimized for the given solvent] and of PhOO" [UTD/B3LYP/6-31+G(d,p)/SCRF = CPCM
at gas-phase molecular structure] as a function of the dielectric constant of the environment (oscillator strengths in

parentheses)
PhOO
CHCI=CHOO

Solvent ~15(r] — 08n(0).] ~26[x] - 08[n(0).] ~15(7] — 08[n(0).]
Vacuum, € =1 426 (0.092) 409 (0.022) 448 (0.062)
Argon, e =1.43 438 (0.112) 428 (0.031) 466 (0.072)
Heptane, ¢ =1.92 447 (0.127) 439 (0.034) 479 (0.083)
Cyclohexane, € =2.02 449 (0.130) 441 (0.085) 481 (0.035)
Tetrahydrofuran, € =7.58 461 (0.140) 471 (0.054) 503 (0.073)
Dichloromethane, ¢ = 8.93 462 (0.142) 473 (0.055) 506 (0.074)
Acetone, € =20.70 463 (0.141) 479 (0.063) 510 (0.063)
Methanol, € = 32.63 463 (0.140) 480 (0.066) 511 (0.059)
Acetonitrile, ¢ =36.64 464 (0.141) 480 (0.066) 512 (0.060)
Nitromethane, ¢ =38.2 465 (0.143) 481 (0.065) 513 (0.063)
Water, ¢ =78.39 464 (0.141) 482 (0.068) 513 (0.058)

Water, ¢ =78.39 480 (experiment)

490 (experiment) 490 (experiment)

ionizing
H,O

radiation

e;q,.OH,H‘,HJr,HzOz,HZ (1)

The solvated electron can be converted with N>O into
further ‘'OH:

e T N20+H0 — OH+OH +N;  (2)

At high pH, H' is converted into € [reaction (3)], and
‘OH is in equilibrium with O™ [pK,(OH)=11.8].

H +OH™ — e, +H0 (3)

Whereas with anisole ‘OH reacts by an addition to the
ring, O~ undergoes mainly H-abstraction:

Ph—O—-CH; + O~ — Ph—O—CH, + OH™  (4)
Hence, in N,O-saturated solution at pH 14, the spectrum

that is obtained after the pulse is that of the phenoxy-
methyl radical (Fig. 2). Its absorption maximum is at
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Figure 2. Pulse radiolysis of N,O-saturated aqueous solu-
tions of anisole (saturated) at pH 14. Spectrum of the
phenoxymethyl radical 13

Copyright © 2005 John Wiley & Sons, Ltd.

320nm with a molar absorption coefficient of
1500 dm’ mol ' em™".

RESULTS AND DISCUSSION

The experimental spectra of the vinylperoxyl radicals
were mainly obtained in water by pulse radiolysis,
whereas those of the oxyl radicals were generated by
laser flash photolysis in an organic solvent. For this
reason, the calculations of the spectra have to take solvent
effects into account. After the geometry of the radicals
had been calculated in vacuo, solvent effects were
approximated by a continuum model that mimics the
dielectric constant of the solvent but, for water, still
neglects potential effects due to hydrogen bonding.
With this approach and for most spectra that we deal
with here, marked red shifts are observed on going from
vacuum to water solutions (see Tables 1-4).

For the vinylperoxyl radicals, two isomers with E and Z
conformations may be written. The E conformer is
generally more stable (second column in Tables 2 and
3), but owing to small activation energies of C—O
rotation often all intermediate conformations may be
populated and contribute to the observed absorption.

‘0

Ry 0—0" Ry o] R, Ry;andR;=HorCl

The one but last column in Tables 2—4 shows the
maximum of the absorption spectrum as obtained by
pulse radiolysis in aqueous solution. The agreement
between the experimental and calculated data is usually
acceptable, and the trends induced by substitution are
well reflected. The transition, given in the last column, is
defined as shown in Fig. 1(b) and is discussed in more
detail below.

J. Phys. Org. Chem. 2005; 18: 586-594



Table 2. Calculation of the absorption maxima (oscillator strengths in parentheses) of the long-wavelength band of some
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peroxyl radicals using the UTD/B3LYP/6-31G+(d,p) method in vacuo and in water (SCRF = PCIM)?

)‘calc (IlIIl)
AE EvsZ

Radical Conformer  (kJ mol™") Vacuum Water Aexp (M) Transition
HC_C,O‘O- 1E 5.9 (6.1) 389 (0.069) 425 (0.104) 440 (Ref. 3)  —283[x] — 08[n(0).]
H H 1Z 438 (0.040) 482 (0.056)
H\C_C,O‘O' 2E 0.4 (3.9) 432 (0.053) 467 (0.078) 480 (Ref. 3) —143[x] — 08[n(0).]
H o« 2Z 514 (0.023) 562 (0.032)
H\C_C,O—O- 3E 4.0 (1.1) 426 (0.092) 464 (0.141) 480 (Ref. 3)  —18[x] — 08[n(0).]
o H 3Z 489 (0.062) 534 (0.089)
Cl\c _C,O‘O' 4E 19.0 (1.1) 453 (0.089) 495 (0.134) 540 (Ref. 3) —143[x]— 08[n(0).]
c H 4z 472 (0.061) 511 (0.089)
HC_C,O‘O' 5E 0.3 (5.1) 456 (0.077) 493 (0.117) 540 (Ref. 3) —18[x] — 08[n(0),]
c 57 562 (0.042) 610 (0.059)
CI\C_C,O—O- 6E 14.6 (17.1) 482 (0.061) 528 (0.088) 540 (Ref.3) —10[x] — 08[n(0).]
[« 6Z 539 (0.038) 581 (0.044)

7E 19.7 21.7) 489 (0.071) 533 (0.106) 580 (Ref.3) —18[x]— 08[n(0).]
c. 00 530°
C=C 538°
ca c 7Z 528 (0.042) 577 (0.062)
o0 8 372 (0.004) 412 (0.015) 430 (Ref. 27) —28[r] — 08[n(0),]
H H

#Transitions as defined in the text. The energy differences (AE) for the E and Z conformers in vacuo and in water (in parentheses).

6-311G+(d,p) basis set.
¢SCRF = CPCM (COSMO).

Nature of the long-wavelength transitions

Figure 3(a) shows the orbitals responsible for the long-
wavelength transition in the vinylperoxyl radical 1.

The transition occurs from the highest occupied =
orbital to the [(O), orbital of the peroxyl oxygens,
—20[n] — 0B[n(0).]. This is a kind of intramolecular
charge transfer, and for this reason it is not surprising that
the solvent polarity influences markedly the energy of
this transition. The n(O), orbital is orthogonal to the
n(O), orbital and the oscillator strength of this transition
is near zero.

Upon chlorine substitution [Fig. 3(b)] the positions of
the n(O), and n(O), orbitals remain the same, but the 7
orbital is raised. As a consequence, the absorption max-
ima of 2-7 are red shifted. As an example, the sequence
of the relevant orbitals is shown for the trichlorovinylper-
oxyl radical 7 in Fig. 3(b).

Interestingly, interlacing a C=O group between the
vinyl group and the peroxyl function as in 8 also leads to
a peroxyl radical that absorbs in the visible region. In fact,
it is the same type of transition, —23[7] — 05[n(0),], as
in the vinylperoxyl radical 1 itself. The absorption
maximum of 8 is only slightly blue shifted compared
with 1.

Copyright © 2005 John Wiley & Sons, Ltd.

The absorption maxima of radials 1-7 were calculated
for two extreme conditions, as Z and E conformers. In
general, the E conformer is at lower energy. Usually, the
energy difference is small, and both conformers including
all intermediate conformers will contribute to the ob-
served absorption. When the Z conformer is at relatively
high energy (AE > 10kJ mol "), E conformers and con-
formers with high E character will predominate and
determine the absorption spectrum.

The transitions of the phenylperoxyl radical 9 orbitals
[Fig. 4(a)] follow the same principle as those of the
vinylperoxyl radical 1, but there are now two close-lying
7 orbitals. This results in two transitions, —23[7] —
08[n(0).] and —15[7] — 05[n(0).], which together give
rise to the long-wavelength absorption. Their average has
to be taken, when the calculated value is compared with
the experimental value.

The transitions of radicals 1-9 have considerable
charge-transfer character, and for this reason the absorption
maxima are red shifted with increasing dielectric constant
of the medium. This is exemplified for the vinylperoxyl 1
and phenylperoxyl 9 radicals (Table 1). According to
these data, the major changes in the red shift occur in the
range from vacuum to moderate dielectric constants. For
the phenylperoxyl radical 9, a red shift of about 10 nm is

J. Phys. Org. Chem. 2005; 18: 586-594
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Table 3. Calculation of the absorption maxima (oscillator strengths in parentheses) of the long-wavelength band of some
peroxyl and related radicals using the UTD/B3LYP/6-31G+(d,p) method in vacuo and in water (SCRF = PCM)?

)‘calc (nm)
AE
Radical Conformer  (kJ mol™") Vacuum Water Aexp (M) Transition
9a 409 (0.022) 479 (0.063) —20[x] — 08[n(0).]
0-0. planar 448 (0.062) 508 (0.062) —18[x] — 08[n(0),]
15.9 490 (Ref. 8)

9a 381 (0.002) 457 (0.003) —206[x] — 083[n(0),]
perp.” 426 (0.0003) 503 (0.001) —1B8[x] — 08[n(0).]
/@/O"O' 9b 397 (0.012) 452 (0.029) 490 (Ref. 8) —20[7] — 08[n(0),]
N=C planar 464 (0.073) 497 (0.101) —16[7] — 08[n(0),]
0-0. 9¢ 409 (0.019) 482 (0.036) 560 (Ref. 8) —206[r] — 08[n(0),]
" C/©/ planar 471 (0.078) 542 (0.111) —18[x] — 08[n(0),]
0-0- 9d 388 (0.004) 456 (0.005) 590-600 (Ref. 8) —28[n] — 06[n(0),]
H3CO/©/ planar 508 (0.114) 594 (0.178) —18[7] — 08[n(0),]

10 555 (0.012) 615 (0.010)
CH,—O- planar 616 (0.014) 676 (0.024) —20[7] — 03[n(0).]
©/ 1.6 (2.2) 460° (Ref. 12)  —1p[x] — 05[n(0).]

10 526 (0.005) 568 (0.003)

perp. 588 (0.0001) 572 (0.007)

CHs 11 556 (0.003) 634 (0.005)

¢—0- planar 625 (0.002) 721 (0.005)
@CH3 4.4 (1.8) 490° (Ref. 12)  —24[x] — 083[n(0).]
11 489 (0.006) 585 (0.007) —1B8[x] — 08[n(0).]

perp. 505 (0.043) 597 (0.056)
('(?:—O—O 12 409 (0.015) 490 (0.051)  400° (Ref. 29)  —20[n] — 08[n(0O),]

@ ’ planar 421 (0.012) 513 (0.001)
O-CHy 13 299 (0.134) 301 (0.166) 3204 Oa[7] — +2a[7*] +

©/ planar —1p[7] — 0[]

“Transitions as defined in the text. The energy differences (AE) between conformers in vacuo and in water (in parentheses).

® Transition state of C—O bond rotation.
In acetonitrile.
9This work.

observed on going from methanol to water.>® In the
calculations, a red shift of 3 nm at least reflects the trend.

Considerable effects of substituents on the absorption
maxima of the phenylperoxyl radicals 9a-d were
observed. An electron-donating substituent in the para
position causes a considerable red shift, and this is well
reflected in the calculations (Table 3). The electron-
withdrawing cyano substituent does not shift the absorp-
tion maximum noticeably. According to the calculations,
this is due to two effects, a larger energy gap between the
two transitions that make up the broad absorption band
and the higher oscillator strength of one of these transi-
tions. Marked differences in the oscillator strengths of the

Copyright © 2005 John Wiley & Sons, Ltd.

two relevant transitions are also observed with the elec-
tron-donating substituents —CH3 and —OCH;, whereas
for the unsubstituted phenylperoxyl radical they are
equal. In the calculations, the optimum configuration is
planar. The perpendicular configuration is only a transi-
tion state between two equivalent planar conformations.
Interestingly, when this configuration is calculated the
oscillator strength is close to zero without a marked
change in the absorption maximum.

The strong absorption band in the visible region of the
benzyloxyl and cumyloxyl radicals, 10 and 11, is due to a
—20[7] — 08[n(0).] plus —15[n]— 06[n(0),] transi-
tion, i.e. it is of the same type as the phenylperoxyl

J. Phys. Org. Chem. 2005; 18: 586-594
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Table 4. Calculation of the absorption maxima (oscillator strengths in parentheses) of the long-wavelength band of some
peroxyl and related radicals using the UTD/B3LYP/6-31G+(d,p) method in vacuo and in water (SCRF = PCM)?

)‘calc (nrn)
Radical Conformer Vacuum Water Aexp (NM) Transition
CH;—S-0-0 14 458 (0.016) 487 (0.032) —18[n(S),] — 03[n(0),]
(C’E _§C;I°‘0 15 462 (0.013) 494 (0.032) 560 (Refs. 9-11)  —10[n(S).] — 05[n(0).]
2 2
CH;—$-0-0- 16 272 (0.004) 272 (0.003) Weak (Refs. 30, 31)  —23[c] — 06[n(0),]
) 297 (0.001) 294 (0.001) —18[n(0),] — + 18[c*]
CH;—0-0 17 239 (0.054) 248 (0.066) —24[n(0),] — 08[n(0),]
CH
HO-C— EHZ —-0-0- 18 242 (0.036) 274 (0.010) 250 (Ref. 32) —34[n(0OH)] — 03[n(0).]
CHy 307 (0.002) 361 (0.002) —2p[o] — 08[n(0),]
CH;
HO—:C—CHZ 19 255 (0.023) 242 (0.037) 225 (Ref. 32) Oa[n] — + lafo*]
CH;
(0]
CH;—S- 20 412 (0.006) 393 (0.007) 330 (Refs. 30, 31)  —3/[n(0),] — 05[n(0),]
o 419 (0.024) 406 (0.032) —16[n(0)] — 08[n(0),]
CHs—S- 21 328 (0.005) 333 (0.005) Weak® —24[0] — 08[n(S),]

#Transitions as defined in the text.
" Very weak, typically not detectable.

-4 01eV 4.49 eV W
n(0), >
n(O) w e A )
/_,?@ 7 72 eV M
n(O) 3 043 eV

— 8 050 eV W “(ﬂ)_"—gBS v /_{w
(b)

(a)

Figure 3. MO schemes for transitions of the vinylperoxyl
radical 1 (a) and the trichlorovinylperoxyl radical 7 (b) in
water [UTD/B3LYP/6-31G+(d,p)/SCRF = PCM]

=
(a)
Figure 4. MO schemes for the transitions of the phenylper-
oxyl radical 9 (a) and the benzyloxyl radical 10 (b) in water
[UTD/B3LYP/6-31G+(d,p)/SCRF = PCM]

Copyright © 2005 John Wiley & Sons, Ltd.

radical 9. For 10 and 11, experimental data are only
available for organic solvents, and for a comparison
with the experiment calculations in the gas phase may
possibly be more appropriate. Yet even then, agreement
remains very poor when compared with the other
radicals under investigation. The reason for this is not
clear, but the fact that one may encounter such con-
siderable deviations is a caveat for any assignments of
intermediates merely on the basis of quantum-chemical
calculations of their spectrum. It may be noted that for
10 there is a strong sensitivity of the calculated transi-
tion on the angle between the plane of the aromatic ring
and the C—O bond. For example, in the case of the
perpendicular conformation, changing the angle from
optimized 100.7° to 96° leads to a 35 nm blue shift. The
red shift on going from 10 to 11 is reflected in the
calculations.

Interlacing a C=0 group between the aromatic ring
and the peroxyl radical function as in 9/12 has a similar
effect as in the vinyl analogues 1/8.

The phenoxymethyl radical 13 is structurally related
to 9 and 10. However, only 9 and 10 show an absorption
in the visible region, whereas 13 absorbs only in the
UV region. This is due to a Oa[r] — +2a[7*] plus
—10[7] — 0f[x] transition, i.e. the w-system is also
involved in this transition [Fig. 5(a)]. This is the reason
why 13 absorbs much more towards the red than aliphatic
alkoxyalkyl radicals that have absorption maxima
<220 nm.”® Radical 13 has practically no charge-transfer
character, hence its absorption is not red shifted when the
dielectric constant of the medium is increased.

J. Phys. Org. Chem. 2005; 18: 586-594
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s -
oo,
\, + 10l e—

(a)

Figure 5. MO schemes for the transitions of the phenox-
ymethyl radical 13 (a) and the methylthiylperoxyl radical 14
(b) in water [UTD/B3LYP/6-31G+(d,p)/SCRF = PCM]

In the case of the alkylthiylperoxyl radicals 14 and 15
(experimental data are only available for 15), the transi-

tion is from the n orbital at sulfur to the peroxyl oxygen,
—15[n(S).] — 08[n(0).] [Fig. 5(b)]. The absorption,

located only in the UV region (<260nm),**?! of the
sulfuranylperoxyl radical 16 has been assigned to a
—20[e] — 06[n(0),] transition.

Alkylperoxyl radicals such as 17 and 18 typically
absorb at longer wavelengths compared with their
precursors, the alkyl radicals such as 19. The latter absorb
far in the UV region, and the transition has been assigned
to a Oa[n] — +1al[c*] transition. Interestingly, in the
case of the corresponding peroxyl radicals, functional
groups may be involved in the transitions. Whereas the
absorption of the methylperoxyl radical 17 has been
assigned to a —20[n(0),] — 08[n(0O),] transition, the
absorption of 18 is due to a —33[n(OH)] — 05[n(0).]
transition, that is, the OH group is involved in a kind of
charge transfer. This being not very effective, the absorp-
tion remains in the UV region.

For reasons discussed below, sulfuranyl 20 and thiyl 21
radicals attracted our attention, and we therefore also
report the transitions of their longest absorption band.

Table 5. Calculated [B3LYP/6-31+G(d,p)] reaction enthalpies for the formation of some peroxyl radicals [values in water

(SCRF=PCM) in parentheses]

Radical AH (kJ mol™ ) Experimental observation
H 0-0.
:C=C\ —197 (—207) Irreversible O, addition to parent radical
H H
CH;—0-0O- —145 Irreversible O, addition to parent radical
0-0
CHZZCH—(:S—H -73 Irreversible O, addition to parent radical
R
(0]
H N H —66 Irreversible O, addition to parent radical
H 0-0-
O
H
H H
f\gl{ —48 Reversible O, addition to parent radical
R R R 0-0-
H OH H
Q / gH —29/—-46 Reversible O, addition to parent radical
H “0-0. 0-0-
H OH
i OH ! OH NO,
a / qu/ —31/-18/-17 Slow and reversible O, addition
_ OoN B to parent radical
NOO O' O O' H O_O .
2
CH3—S—0-0. —29 (-30) Reversible O, addition to parent radical
(0]
CH3—§—O—O . -9 (=3) Reversible O, addition to parent radical
(0]
(0]
H
/ @LO—O- +20/+31 No O, addition to parent radical

H 0-0-

Copyright © 2005 John Wiley & Sons, Ltd.
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The transition of 20 is denoted —13[n(0)] — 05[n(0).].
Thiyl radicals such as 21 are usually difficult to detect in
laser flash photolysis or pulse radiolysis experiments.
The reason for this is the low oscillator strength of the
—20[o] — 06[n(S),] transition, where the o orbital is
orthogonal to the n orbital.

Stability of peroxyl radicals

Usually, the reaction of a carbon-centered radical with
O, is practically irreversible in aqueous solutions at
room temperature. This also holds for the highly stabi-
lized**~*° peptide radicals.’® However, there are excep-
tions, notably the alkylthiylperoxyl radical”™'' that we
are interested in here and pentadienyl-type peroxyl
radicals. For example, the hydroxycyclohexadienyl
radical (formed upon ‘OH attack on benzene) undergoes
reversible dioxygen addition both in aqueous solu-
tion*’*? and in the gas phase.*® Electron-withdrawing
substituents retard the rate of O, addition, and with the
‘OH adducts to nitrobenzene, for example, this reaction
is very slow.*! Moreover, the phenoxyl radical does
not react with O, despite the fact that it has consider-
able spin density at carbon.*? Table 5 gives the bond
dissociation enthalpies (BDE) of various peroxyl radi-
cals calculated in vacuo and to account for potential
solvent effects, for some of them also in aqueous solution.

Around the chemistry of the
alkylthiylperoxyl radical

The reversibility of O, addition to the alkylthiylperoxyl
radical [reaction (5)] is not the only complexity of the
alkylthiylperoxyl radical plus O, system.

HO-CH,—CH,—S * HO-CH,—CH,—S—0-0+

®)

®) (G)l
' 0
. 11
HO-CH,—CH—SH HO-CHy—CHy—S -
o
RO Dl o,
Y

0-0-
HO-CH,—CH—SH HO-CH,—C Hz—ﬁ—o—o .
0

The latter can rearrange into the alkylsulfonyl radical
which is more stable by 160kJ mol ~ ! [reaction (6)]. In
the presence of O,, the alkylsulfonyl radical is converted
into the corresponding peroxyl radical [reaction (7)], a
reaction that is also reversible.**' The data in Table 5
indeed indicate a low BDE. From kinetic and product
studies, it had been concluded that the alkylthiyl radical is
also in equilibrium with the carbon-centered radical
formed upon a 1,2-H shift [reaction (8)], but equilibrium
(8) must be largely on the side of the thiyl radical. We
have now calculated the energy difference between these

Copyright © 2005 John Wiley & Sons, Ltd.

two radicals to be 50kJmol ~'. This value, considered
accurate to no better than + 10kJ molfl, is fairly large,
and evidently the thiyl radical must be the favoured
species. However, any small equilibrium concentration
of the carbon-centered radical will be scavenged irrever-
sibly by O, [reaction (9)], and this allows the reaction to
proceed in this direction.

A quantum-chemical study on the akylthiyl radical plus
0, system has already been carried out some time ago,"*
but the level of theory at that time was insufficient to
calculate the UV-Vis spectra and the energetics of the
various reactions properly. In fact, the assignment of the
560 nm absorption to the RSOO" species was challenged on
the basis of these calculations.

Photolysis of n-butyl acrylate

In the photolysis of n-butyl acrylate at 222 nm in solution,
a major process is the scission of ester linkage
(a-cleavage):27

CH,=CH—-C(0)—O—Bu + hv (10)
— CH,=CH—-C(O) + O—-Bu
In a laser flash experiment in the presence O,, a species
grows in that absorbs near 430 nm. In principle, a double
fragmentation could have occurred, i.e. CO and a vinyl
radical may have been formed [reaction (11)], and this
was confirmed by the observation of ethene and CO
among the products.

CH,=CH-C(0)—0-Bu + hv (1)
— CH,=CH + CO + 'O—Bu

For an assignment as vinylperoxyl radical 1, the
observed absorption was somewhat blue shifted com-
pared with that of authentic vinylperoxyl radical. We
therefore calculated the absorption maximum of the
vinylcarbonylperoxyl radical 8. It turns out that it also
has an absorption maximum in the visible region but at
somewhat shorter wavelength than that of 1 (Table 3).

CONCLUSION

The programs that are available to calculate the absorp-
tion spectra of free radicals are now fairly well advanced
so that such calculations can be used to predict the
positions of the absorption maxima. With radicals whose
transitions have charge-transfer character, the dielectric
constant of the medium has to be taken into account.
However, a non-negligible error still persists (note the
marked deviations between experiment and calculations
in the case of the benzyloxyl-type radicals). Nevertheless,
as shown for the radicals formed in the photolysis of
n-butyl acrylate, under certain circumstances the

J. Phys. Org. Chem. 2005; 18: 586-594
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calculations can be extremely helpful, relatively easy to
carry out and may be now routinely used to assist
assignments in laser flash and pulse radiolysis studies.
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